Micro-algae have received considerable interest as a potential feedstock for producing sustainable transport fuels (biofuels). The perceived benefits provide the underpinning rationale for much of the public support directed towards micro-algae research. Here we examine three aspects of micro-algae production that will ultimately determine the future economic viability and environmental sustainability: the energy and carbon balance, environmental impacts and production cost. This analysis combines systematic review and meta-analysis with insights gained from expert workshops.
Algae for biofuels
Micro-algae are a large and diverse group of aquatic organisms that lack the complex cell structures found in higher plants. They can be found in diverse environments, some species thriving in freshwater, others in saline conditions and sea water [1, 2] . Most species are photoautotrophic, converting solar energy into chemical forms through photosynthesis.
Micro-algae have received considerable interest as a potential feedstock for biofuel production because, depending on the species and cultivation conditions, they can produce useful quantities of polysaccharides (sugars) and triacylglycerides (fats). These are the raw materials for producing bioethanol and biodiesel transport fuels. Micro-algae also produce proteins that could be used as a source of animal feed, and some species can produce commercially valuable compounds such as pigments and pharmaceuticals [1] .
There are two main alternatives for cultivating photoautotrophic algae: raceway pond systems and photo-bioreactors (PBRs). A typical raceway pond comprises a closed loop oval channel, ~0.25-0.4m deep, open to the air, and mixed with a paddle wheel to circulate the water and prevent sedimentation. (Ponds are kept shallow as optical absorption and selfshading by the algal cells limits light penetration through the algal broth). In PBRs the culture medium is enclosed in a transparent array of tubes or plates and the micro-algal broth is circulated from a central reservoir. PBR systems allow for better control of the algae culture environment but tend to be more expensive than raceway ponds. Auxiliary energy demand may also be higher [2] [3] [4] [5] .
The perceived potential of micro-algae as a source of environmentally sustainable transport fuel is a strong driver behind their development and provides the underpinning rationale for much of the public support directed towards micro-algae R&D. It is important, therefore, that algae biofuel systems are able to clearly demonstrate their environmental and longer term economic credentials. Here we examine three aspects of micro algae production that will ultimately determine the future economic viability and environmental sustainability: the energy and carbon balance, environmental impacts and production cost. Examining each of these aspects in turn provides the structure for this paper. The analytical approach we adopt combines systematic review and meta-analysis with insights gained from expert workshops convened in 2010 and 2011 as part of a European FP7 research project: AquaFUELs [6] .
The energy and carbon balance of micro-algae production
If micro-algae are to be a viable feedstock for biofuel production the overall energy (and carbon balance) must be favourable. There have been many attempts to estimate this for large scale micro-algae biofuels production using life cycle assessment (LCA) methods to describe and quantify inputs and emissions from the production process. Attempts have been hampered, however, by the fact that no industrial scale process designed specifically for biofuel production yet exists. Consequently, the data that underpins micro-algae LCA must be extrapolated from laboratory scale systems or from commercial schemes that have been designed to produce high value products such as pigments and heath food supplements. Despite this limitation, it is anticipated that LCA can still serve as a tool to assist with system design.
Here we review seven recent LCA studies (summarised in Table 1 ). These studies describe eleven production concepts, but comparison is impeded by the use of inconsistent boundaries, functional units and assumptions. To compare the results on a consistent basis a simple meta-model was developed. This model was used to standardise units and normalise the process description to a consistent system boundary comprising the cultivation, harvesting and oil extraction stages (a complete description of the modelling approach is provided in the electronic supplementary information). [7] Kadam
Compares a conventional coal-fired power station with one in which coal is co-fired with algae cultivated using recycled flue gas as a source of CO 2 . The system is located in the southern USA, where there is a high incidence of solar radiation.
[8]
Jorquera
Compares the energetic balance of oil rich microalgae production. Three systems are described: raceway ponds, tubular horizontal PBR, and flat-plate PBRs. No specific location was assumed. The study only considers the cultivation stage and the system energy balance.
[9]
Campbell Examines the environmental impacts of growing algae in raceway ponds using seawater. Lipids are extracted using hexane, and then transesterified. The study is located in Australia, which has a high solar incidence, but limited fresh water supply.
[10] Sander
A well-to-pump study that aimed to determine the overall sustainability of algae biodiesel and identify energy and emission bottlenecks. The primary water source was treated wastewater, and was assumed to contain all the necessary nutrients except for carbon dioxide. Filtration and centrifugation were compared for harvesting. Lipids were extracted using hexane, and then transesterified.
[
11] Stephenson
A well-to-pump analysis, including a sensitivity analysis on various operating parameters. Two systems were considered, a raceway pond and an air-lift tubular PBR. The location of the study is in the UK, which has lower solar radiation than the other studies.
[12] Lardon Considers a hypothetical system consisting of an open pond raceway covering 100ha, and cultivating Chlorella vulgaris. Two operating regimes are considered: i) normal levels of nitrogen fertilisation; ii) low nitrogen fertilisation. The stated objective was to identify obstacles and limitations requiring further research.
[13] Clarens
Compares algae cultivation with corn, switch grass and canola (rape seed). The study was located in Virginia, Iowa and California, each of which has different levels of solar radiation and water availability. Five impact categories considered: energy consumption (MJ), water use (m 3 ), greenhouse gas emissions (kg CO 2 equivalent), land use (ha), and eutrophication (kg PO 4 ).
Production systems were compared in terms of the net energy ratio (NER) of biomass production. NER is defined here as the sum of the energy used for cultivation, harvesting and drying, divided by the energy content of the dry biomass. Provided the NER is less than unity, the process produces more energy than it consumes. The results of this comparison are shown in Figure 1 . Of the eight raceway pond concepts it can be seen that six have an NER less than 1. This suggests that a positive energy balance may be achievable for these systems, although this benefit is marginal in the normalized case. The NER of the PBR systems are all greater than 1. The best performing PBR is the flat-plate system which outperforms the tubular PBRs as it benefits from a large illumination surface area and low oxygen build-up.
It can be seen that in all cases the primary energy input for the normalized process boundary is equal to, or less attractive than, the original case. The three studies where normalisation has the greatest impact are the systems described by Kadam [7] , Jorquera [8] and Campbell [9] . Originally these studies only considered the cultivation stage; the addition of drying and dewatering processes and lipid extraction changes the NER from ~0.05-0.1 to 0.5-0.75. For these studies, even if drying and lipid extraction were excluded, the normalised value for cultivation is less favourable. This is because the original studies did not include system construction. (In addition to the energy required for system construction, the normalised system boundary also includes the energy needed to transport fertiliser and the embodied energy in the fertiliser, although these last two factors are comparatively insignificant.)
The Sander [10] study uses high values for the energy required for cultivation, drying and harvesting, and the systems this study describes will deliver less energy output than they require input. The original assumptions about the algal species and its productivity are unclear but the data appears to come from studies completed in the 1980's, and so may not be representative of more recent designs.
The Stephenson [11] study is the only LCA that gives a complete description of the cultivation, and harvesting process, and so normalisation makes no difference in this case. The energy demands of the cultivation stage are higher than other studies because the authors assume more electricity is required at this stage to overcome frictional losses (which they estimate from first principles). Less energy is required for drying than other studies because, for the subsequent downstream processing steps, the authors assume the use of an oil extraction process that can accept wet biomass (homogenisation with heat recovery), hence less drying is required overall.
For the cultivation phase in raceway ponds, the most important contributions to the energy demand come from the electricity required to circulate the culture (energy fraction 22 % -79 %) and the embodied energy in pond construction (energy fraction 8 % -70 %). The energy embodied in the nitrogen fertiliser may also make a substantial contribution to the energy demand (energy fraction for the cultivation phase 6 % -40 %),(Note -this range excludes the Kadam [7] study which includes a nitrogen input mass fraction of 0.05, a value that appears unfeasibly low given that this study assumes the biomass contains a protein mass fraction >30 %).
All the normalised PBR systems consume more energy than they produce. Biomass drying and de-watering are proportionately less important than the energy consumed in cultivation and harvesting. This is partly because greater algal biomass concentrations can be achieved in PBR systems, and partly because PBRs consume more energy at the cultivation stage. The energy used to pump the culture medium around the PBR and overcome frictional losses accounts for the majority of energy consumption during the cultivation stage (energy fraction for tubular PBRs is 86 % -92 %, the energy fraction for flat plat PBRs is 22 %. System construction accounts for the majority of the remainder (the energy fraction for system construction is 6 % -12 %).
Another source of variation is that each study selects a different composition for the algae produced and a different productivity for the growth phase; this affects the energy required per functional unit produced. All else being equal, if the productivity of the algae is assumed to be low, then it follows that the energy required to produce 1MJ dry biomass will be greater (as the mixing requirement per unit time will not be reduced). One complicating factor is that growing the algae under lower productivity conditions, such as nitrogen starvation, may allow the algae to accumulate more lipid and so may result in a higher calorific value for the biomass overall. It is clearly important that productivity and composition values correspond with one another and reflect how the system is operated. The carbon dioxide emissions associated with algal biomass production were estimated by multiplying the external energy inputs to the process by the default emissions factors described in the EU renewable energy directive [14] . The results obtained are shown in Figure  2 . It can be seen that the majority of emissions are associated with electricity consumption for pumping and mixing and the provision of heat to dry the algae. Notably, emissions associated with algal biomass production in raceway ponds are comparable with the emissions from the cultivation and production stages of rape methyl ester biodiesel. Production in PBRs, however, demonstrates emissions greater than conventional fossil diesel. An important caveat to this analysis is that the carbon emissions are highly dependent on the emissions factors used for the different energy inputs into the system (and in particular electricity) and generic factors may not be appropriate in all situations. ; Heat: 77 g.MJ -1 [14] . The emissions factor for the embodied energy in fertiliser and for production of PVC lining (in the case of raceway ponds) and PBR was assumed to be the same as for heat.)
The validity of current LCA studies and the inferences that can be drawn from them were discussed at the AquaFUELs roundtable [14] and independently with experts during the course of the AquaFUELs project. The views expressed below reflect the tone of the discussion and the comments received. One of the major criticisms of the current LCA studies was the lack of transparency around data sources, and the lack of critical thinking around how reliable these sources and assumptions actually are. It was also noted that assumptions in the studies analysed here are often obscure, or open to interpretation. As noted above, the system described in the study by Kadam [7] includes less nitrogen as an input than is contained in the algae output. This may be an oversight, or the authors may have made some additional assumption that is not explicit: it is also possible that the missing nitrogen may be recycled or come from some other source.
Another identified concern is the extent to which genuine expertise in algae cultivation is available to LCA modellers. One UK academic expert summed this up as follows: There was a general consensus among the experts questioned, however, that algae growth rate estimates (both in terms of biomass productivity and lipid yield) err towards optimistic values and do not take into account the losses that would occur with scaling up the process. Stakeholders at the Aquafuels round table also noted that biomass productivity estimates should be based on the yearly average values, stressing the point that this is not equivalent to the mean productivity on a summer's day [15] .
Insights from LCA studies
Life Cycle Assessment studies of micro-algal biofuel production share a common aspiration to identify production bottlenecks and help steer the future development of algae biofuel technology. Yet, the extent to which the studies meet this aspiration appears to be somewhat limited. Issues of concern include:  The conceptual, and often incomplete, nature of the systems under investigation, and the absence of coherent and well designed processes. The use of inconsistent boundaries, functional units and allocation methodologies impedes comparison between studies.
 The limited sources of primary data upon which process assumptions are based, and the extrapolation of laboratory data to production scale. The transparency of assumptions is also poor.
 The validity of specific assumptions, particularly those relating to the biomass productivity and lipid yield, has been called into question. It is important to distinguish between what can be achieved currently and future projections contingent on technological progress.
Despite these shortcomings, and bearing in mind the concerns voiced by stakeholders about the extent to which the existing LCA can be considered representative, this examination of LCA studies suggest that:
 The energy balance for algal biomass production (in a simplistic system considering only the production, harvesting and oil extraction stages) shows that energy inputs to algae production systems could be high. This may limit their value as a source of energy and indicates that algae production may be most attractive where energy is not the main product.
 Raceway Pond systems demonstrate a more attractive energy balance than PBR systems (it should also be borne in mind that a commercial system may combine elements of both).
 Algae production requires a number of energy demanding processes. However, within the LCA studies considered here there is no consistent hierarchy of energy consumption. Aspects that will need to be addressed in a viable commercial system include: energy required for pumping, the embodied energy required for construction, the embodied energy in fertilizer, and the energy required for drying and de-watering.
 If inputs of energy and nutrients are carbon intensive the carbon emissions from algae biomass produced in raceway ponds could be comparable to the emissions from conventional biodiesel; the corresponding emissions from algae biomass produced in PBRs may exceed the emissions from conventional fossil diesel. The principle reason for this is the electricity used to pump the algal broth around the system. Using co-products to generate electricity is one strategy that might improve the overall carbon balance.
Environmental impacts and constraints
Large scale micro-algae production could have a wide variety of environmental impacts beyond the consumption of energy in the production process. Many of these impacts could constrain system design and operation. The impacts presented here are the ones most prominent in the existing literature, and identified as important in discussion with stakeholders.
Water Resources
A reliable, low cost water supply is critical to the success of biofuel production from microalgae. Fresh water needs to be added to raceway pond systems to compensate evaporation; water may also be used to cool some PBR designs. One suggestion is that algae cultivation could use water with few competing uses, such as seawater and brackish water from aquifers. Brackish water, however, may require pre-treatment to remove growth inhibiting components and this could raise the energy demand of the process [16] . Re-circulating water has the potential to reduce consumption (and reduce nutrient loss) but comes with a greater risk of infection and inhibition: bacteria, fungi, viruses are found in greater concentrations in recycled waters, along with non-living inhibitors such as organic and inorganic chemicals and remaining metabolites from destroyed algae cells. In the majority of designs a proportion of the overall water must be removed to purge contaminants. The distance to the water source is also an important factor in locating the cultivation site. Lundquist [17] illustrates this with an example showing how a 100 meters elevation could mean that a significant proportion (~6% ) of the energy produced by the algae would be used for pumping. In some locations the need for pumping can be reduced by using natural tidal flows to feed cultivation ponds.
Land use and location
One of the suggested benefits of algae production is that it could use marginal land, thereby minimising competition with food production. Topographic and soil constraints limit the land availability for raceway pond systems as the installation of large shallow ponds requires relatively flat terrain. Soil porosity/ permeability will also affect the need for pond lining and sealing [17] .
Solar radiation is one of the most important factors influencing algal growth and to achieve high levels of production throughout the year it is desirable that there is little seasonal variation. For practical purposes, therefore, the most suitable locations are warm countries close to the equator where insolation is not less than 3000 hours.yr -1 (average of 250
hours.month -1 ) [18, 19] . To date most commercial micro-algae production to-date has occurred in low-latitude regions. Israel, Hawaii and southern California are home to several commercial micro-algae farms.
Nutrient and fertilizer use
Algae cultivation requires the addition of nutrients, primarily nitrogen, phosphorus and potassium (some species, e.g. diatoms, also require silicon). Fertilization cannot be avoided as the dry algal mass fraction consists of ~7% nitrogen and ~1% phosphorus. Substituting fossil fuels with algal biomass would require a lot of fertilizer. As an illustration, if the EU substituted all existing transport fuels with algae biofuels this would require ~25 million tonnes of nitrogen and 4 million tonnes of phosphorus per annum [20] . Supplying this would double the current EU capacity for fertilizer production [21] . At a small scale, recycling nutrients from waste water could potentially provide some of the nutrients required, and there may be some scope to combine fuel production and waste water remediation. Some conceptual process designs also incorporate nutrient cycling as a fundamental aspect of system design and operation [17] .
Carbon fertilisation
Algae cultivation requires a source of carbon dioxide. Assuming algae have a carbon mass fraction of 50 % it follows that producing 1 kg dry algal biomass requires at least 1.83 kg CO 2.
In reality, however, CO 2 usage will be several times this. For raceway ponds the rate of outgassing is a function of the pond depth, friction coefficient of the lining, mixing velocity, pH and alkalinity. Depending on operational conditions the theoretical efficiency of CO 2 use can range from 20 % -90 % [22] . In practice the efficiency of CO 2 fixation in open raceways may be less than 10 %; for thin layer cultivation the efficiency of CO 2 fixation is roughly 35% [23] . In closed tubular photobioreactors (PBRs) CO 2 fixation efficiencies of around ~75% have been reported [24] .
The need for CO2 fertilisation impacts both where production can be sited and the energy balance of the system. If CO 2 from flue gas were used, the production site would need to be in reasonably close proximity to a power station or other large point source of CO 2. These sources tend to be concentrated close to major industrial and urban areas and relatively few are close to oceans [16] . Because separating CO 2 from flue gas is an energy consuming process the direct use of flue gas would be preferable energetically, as long as the algae can tolerate contaminants in the gas. A further consideration is that it may not be permissible to emit CO 2 in large amounts at ground level.
Fossil Fuel Inputs
The majority of the fossil fuel inputs to algae cultivation come from electricity consumption during cultivation, and, where included, from natural gas used to dry the algae. Algae are temperature sensitive and maintaining high productivity (particularly in PBRs) may require temperature control. Both heating and cooling demand could increase fossil fuel use. The environmental performance could, however, be improved by integration options such as using waste heat from power generation to dry the algal biomass. System optimisation to minimise energy demand will be essential [24] .
Eutrophication
Nutrient pollution (eutrophication) can lead to undesirable changes in ecosystem structure and function. The impact of algal aquaculture could be positive or negative. Negative impacts could occur if residual nutrients in spent culture medium are allowed to leach into local aquatic systems. On the other hand, positive impacts could occur if algae production were to be integrated into the treatment of water bodies already suffering from excess nutrient supply. For example, Agricultural Research Service scientists found that 60 % ~ 90 % of nitrogen runoff and 70 % ~ 100 % of phosphorus runoff can be captured from manure effluents using an algal turf scrubber [25] . Remediation of polluted water bodies suffering from algal blooms may also provide locally significant amounts of free waste biomass, and this could be used for biofuel production on a small scale.
Genetic Modified Algae
In the search for algae that can deliver high biomass productivity and lipid content simultaneously, genetic modification is one possible option [17] . Applications of molecular genetics range from speeding up the screening and selection of desirable strains, to cultivating modified algae on a large scale. 
Algal toxicity
At certain stages of their lifecycle many algae species can produce toxins ranging from simple ammonia to physiologically active polypeptides and polysaccharides. Toxic effects can range from the acute (e.g. the algae responsible for paralytic shellfish poison may cause death) to the chronic (e.g. carrageenan toxins produced in red tides can induce carcinogenic and ulcerative tissue changes over long periods of time). Toxin production is species and strain specific and may also depend on environmental conditions. The presence or absence of toxins is thus difficult to predict [26, 27] .
From the perspective of producing biofuels, the most important issue is that where coproducts are used in the human food chain producers will have to show that the products are safe. Where algae are harvested from the wild for human consumption the principal concern is contamination from undesirable species. From an economic perspective algal toxins may be important and valuable products in their own right with applications in biomedical, toxicological and chemical research.
Insights on environmental impacts.
Micro-algae culture can have a diverse range of environmental impacts, many of which are location specific. Depending on how the system is configured the balance of impacts may be positive or negative. Impacts such as the use of genetic engineering are uncertain, but may affect what systems are viable in particular legislatures. Possibly the most important environmental aspect of micro-algae culture that needs to be considered is water management: both the water consumed by the process, and the emissions to water courses from the process. In any algae cultivation scheme it should be anticipated that environmental monitoring will play an important role and will be an ongoing requirement.
Cost performance
Cost analysis is a powerful tool that can be used to both estimate the ultimate costs of algae biofuels and identify the process elements which contribute most to the production costthereby helping focus future research and design. The limitations of algae production cost assessments are similar to those facing life cycle assessments and include data constraints and reliance on parameters extrapolated from lab-scale analyses. The current state of the art for micro-algae culture may also not be captured. For instance, one of the most frequently cited sources of cost modelling parameters is a paper published in 1996 [28] which in turn contains assumptions going back to the mid 1970's. Estimates for algal productivity, CO 2 capture efficiency and system availability may also reflect future aspirations rather than currently achievable results. As with LCA studies the production of co-products, or provision of co-services, greatly affects the economic viability.
Here we compare idealised scenarios for the production of micro-algal biomass in PBRs and raceway ponds, combining data from the literature with discussion with experts. The cost modelling approach includes only the cultivation and harvesting process steps. No credit is assumed for co-products or waste water treatment services. An overview of the scenarios compared is provided in Table 2 , a full description of the modelling parameters is provided in the supplementary information. a Productivity assumptions based on the judgment and experience of the AquaFUELs project partners [29] . b Productivity assumptions extrapolated from experimental data incorporating future technical advances.
Results:
The production cost of algal biomass in an idealised raceway pond system is shown in Figure  3 . The base case production cost is ~1.6€.kg-1 to 1.8€.kg-1 and the projected case cost is ~0.3€.kg -1 to 0.4€.kg -1 . It can also be seen that there is little difference between the low and high availability cases (fractional difference ~5 %). In contrast, moving from the base case to the projected case results in a fractional decrease in costs of ~50 %. For comparison, the market price for delivered woody biomass pellets in the UK is ~0.2€.kg -1 to 0.4€.kg -1 [30] .
Although, it should be noted that the composition of algal may be more interesting for some applications.
The cost of CO 2 in the base case has a significant impact on production cost. This is because the open pond system has poor CO 2 fixation performance. The projected case gives a much reduced cost (~0.25€.kg -1 ). This is due to both the higher productivity assumption and the assumption that the CO 2 comes from an adjacent power plant and is free of charge. Another source of variation between the scenarios is the fertilizer costs: in the projected scenario we assume the cultivation system is coupled with a wastewater treatment facility, and that nutrients are also effectively free of charge. This scenario illustrates that major gains in productivity and efficiency are required to produce algae that could compete with conventional fuels.
Figure 3: Illustrative costs of algal biomass production in an idealised raceway pond system
The production cost of algal biomass produced in the idealised tubular PBR systems is shown in Figure 4 . The base case cost is ~9€.kg -1 to 10€.kg -1 and the projected case cost is ~3.8€.kg -1 . All PBR scenarios are dominated by the system capital cost. The CO 2 cost in the PBR system is proportionately less important than in the raceway pond, this is partly because the PBR system has better CO 2 fixation performance, and partly because other costs -e.g. the cost of electricity consumed -are greater. In the projected case, where raw materials are effectively free and the power consumption has been reduced relative to the base case by 90%, the cost of biomass production is reduced (from ~9€.kg -1 to ~3.8€.kg -1 )
but is still greater than the cost of production in raceway ponds. This scenario illustrates that dramatic reductions in the capital cost would be required for the costs of this system to approach the level required to service the biofuels market. 
Insights from cost modelling
The results shown here are for a partially complete system estimated using a simple costing model. This model is appropriate to identifying the cost elements of the process that pose the greatest challenge to engineering development. It is likely, however, to underestimate the true cost of micro-algae production. This is because a real project would incur costs excluded from this analysis such as the cost of finance and the cost of land. The two future scenarios also postulate dramatic improvements in technical performance. With these important caveats in mind, we consider that this analysis supports the following conclusions.
 Raceway pond systems demonstrate a lower cost of algal biomass production than photo-bioreactor systems.
 Most of the production costs in raceway system are associated with operation (labour, utilities and raw materials). The cost of production in PBRs, in contrast, is dominated by the capital cost of the PBRs.
 Dramatic improvements in both productivity and energy efficiency would be required to greatly reduce the cost of biomass production.
 Significant cost reductions (>50%) may be achieved if CO 2 , nutrients and water can be obtained at low cost. This is a very demanding requirement, however, and it could dramatically restrict the number of locations available.  Compared with other sources of biomass used for energy, algal biomass appears expensive -although it has a more interesting composition.
Conclusions
This paper examines three aspects of micro-algae production that will strongly influence the future sustainability of algal biofuel production: the energy and carbon balance, environmental impacts and production costs. Against each of these aspects micro-algae production presents a mixed picture. A positive energy balance will require technological advances and highly optimised production systems. The mitigation of environmental impacts, and in particular water management, presents both challenges and opportunities, many of which can only be resolved at the local level. Existing cost estimates need to be improved and this will require empirical data on the performance of systems designed specifically to produce biofuels. At the current time it appears that the sustainable production of biofuels from micro-algae requires a leap of faith, but there are nonetheless grounds for optimism. The diversity of algae species is such that it is highly likely that new applications and products will be found. As experience with algal cultivation increases it may also be found that biofuels have a role to play.
An important caveat to all these conclusions is that they reflect the state of the existing academic literature, and this is inevitably an imperfect reflection of the status of the sector. It is quite possible that many of the challenges identified are being addressed, but that the information about how this is being achieved is yet to make it into the public domain.
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Life Cycle assessment meta-model approach and assumptions
The objectives of the meta-model were two-fold; firstly, to enable a more detailed examination of the assumptions used in the existing LCA, and secondly, to compare studies in terms of the energy produced and consumed. The model was built in Excel using simplified descriptions of the processes involved in micro-algae cultivation, harvesting of algal biomass, and extraction of algal oil
The modelling approach (shown in Figure SI-1 ) was undertaken in three stages. Firstly, the data and assumptions contained in the original studies were identified and transcribed. Secondly, the units were standardised. Lastly, the process descriptions were normalized to fit a consistent system boundary, and to allow comparison using a single functional unit. An overview of the assumptions used to normalize the studies are described below 
Meta-model system description and boundaries
The meta-model process system is shown in Figure SI-2 . In Stage 1, the algae are cultivated and harvested. For each study the efficiency with which nutrients and CO 2 are captured is based on the original study. The residence time of the algae strain in the cultivation systemwhere algae cell accumulates lipid to the desired level -also follows the original studies. The boundaries include the manufacture of the principal equipment (e.g. the PVC lining for the raceway pond systems and system maintenance and operations).
In Stage 2, the slurry of mature algae cells is de-watered and dried. The amount of drying required is determined by the oil extraction process (Stage 3). Most of the LCA studies adopt hexane extraction as they assume algal oil extraction will be very similar to soybean oil extraction 1 . This process requires that the paste has to be dried up to a solid content of ~90% before being processed in an oil mill 2 . In order to achieve this a belt dryer was chosen as the preferred technology for biomass drying based on data presented by Lardon et al [1] ., Stage 3 is oil extraction. The extraction efficiencies are based on the data from original studies. 
Functional Unit and basis for comparison
The functional unit selected for comparing energetic performance were 1MJ dry algal biomass. Alternative processes were compared in terms of the Net Energy Ratio (NER) of biomass production, defined as:
NER Biomass = ∑ Primary energy inputs (cultivation, drying, oil extraction) Energy content of dry biomass
If the NER is greater than unity, the process consumes more energy than it produces.
To calculate the NER Biomass three processes stages are considered: algal biomass cultivation, drying and dewatering and oil extraction. No co-product allocation was applied and we assume that the energy content of the dry biomass is equal to the lower heating value of the dry algal biomass specified in the original LCA studies. For those studies that didn't specify heating values, estimates were made by summing the heating values of the biomass compositions given. Primary Energy Inputs were assumed to include the energy content of the fossil fuel inputs only; i.e. the embedded energy from the production of the fossil fuel itself is excluded from the boundary. The energy associated with building the plant was also included (assuming a 20yr lifetime for concrete and 5yrs for PVC [2] ).
Cost Model description and parameters
The cost modelling scheme is shown in Figure SI-3 below. Direct production costs include raw materials and utilities, in addition to labour and other costs. The life of the depreciated assets for the facility was assumed to be 10 years. The rate of raw materials consumption was calculated from estimated mass balances for the system. Utilities were quantified from the power and water use. Labour costs includes manpower for system operation and costs of supervision and management, in addition to maintenance, taxes, and contingency. In the analysis presented here, raceway ponds and photobioreactors (PBR) are compared. The process steps are limited to cultivation and harvesting in both cases. For the PBR system, the process included automatic culture preparation (adding nutrients to water followed by filter sterilisation). The culture medium is then pumped around tubular PBRs. When the algae cells have accumulated sufficient lipid, the algae is settled using flocculants yielding a sludge that is centrifuged in continuous mode decanter to obtain a 15% dry matter paste. In the raceway pond the culture medium is prepared by adding fertilizers to the water directly and filtration is not required. The flow sheet for each process is shown in Figure SI All the scenarios assumed 400ha land area for open raceway system, and 10ha for closed photobioreactors (PBR). For all the cases, after dewatering process, the liquid medium is recycled, at least in part, back to the micro-algae growth units. In the base case it is assumed that CO 2 is purchased from the market. In the projected case, municipal wastewater is assumed to be the source of all water and nutrient input and that the source of CO 2 is a nearby power plant and assumed to be free. (It is worth noting, however, that in reality additional costs may be incurred for pumping and clean-up). The use of high value coproducts to underpin the profitability of large plants is discussed in the literature. However, there is likelihood that production of high value products at a single large facility would saturate a relative small market so no particular product is assumed in this model. Several studies have also emphasized that a credit for wastewater treatment may help reduce the production cost of algae. We only assume we could get free water and nutrients from wastewater facility in the future. A complete breakdown of the other assumptions is described in Table SI 
